Introduction
The general tectonic setting of Turkey is mainly affected by the northward movement of the Arabian and African plates with respect to the Anatolian plate, which results in a westward escape of the Anatolian plate ( Fig. 1) (Ş engör et al., 1985; Barka and Kadinsky-Cade, 1988; McClusky et al., 2000; Reilinger et al., 2006) . Northward convergence of the Arabian plate causes a continental collision in eastern Turkey, which takes place along a suture zone known as Bitlis thrust zone (BTZ) ( Fig. 1) (McClusky et al., 2000; Ş engör et al., 2003) . The convergence related deformation is mostly laterally transported to the Caucasus thrust fronts through the distributed NW-SE trending dextral faults and NE-SW trending sinistral faults within eastern Anatolia (Barka and Kadinsky-Cade, 1988; McClusky et al., 2000; Sandvol et al., 2003; Vernant et al., 2004; Reilinger et al., 2006) .
The main tectonic features of the Lake Van area are the BTZ lying immediately south of Lake Van and a number of dextral and sinistral faults mentioned above (Figs. 1 and 2). Dextral Karayazı Fault, Tutak Fault, Erciş Fault zone (EFZ), Hasantimur Fault and Ç aldıran Fault zone (Ç FZ) and sinistral Malazgirt, Süphan and Ç akırbey faults (Ç F) are the members of the distributed strike-slip faulting lying close to Lake Van (Figs. 1 and 2) (Barka and Kadinsky-Cade, 1988; Adıyaman et al., 1998; Koçyigit et al., 2011; AFAD, 2011; MTA, 2012) .
The Lake Van basin is the eastern continuation of the Muş Ramp Basin and was separated from it by the Nemrut volcano complex (Ş engör et al., 1985) (Figs. 1 and 2 ). The lake basin is almost completely bounded by steep boundary faults, namely the Northern Boundary Fault (NBF) and the Southern Boundary Fault (SBF) (Wong and Finckh, 1978; Wong and Degens, 1978; Litt et al., 2009; Toker, 2011) . The earthquake focal mechanisms of the recent earthquakes in the area have indicated that the type of faulting along the boundary faults is mainly thrusting (Fig. 2) (Pınar et al., 2007; Utkucu, 2013a) . Pınar et al. (2007) performed a stress tensor inversion of the available focal mechanisms and found that the stress regime was transpressive with a maximum compression axis roughly in the N-S direction. The presence of active thrusting in the area was inarguably evidenced by the occurrence of the 23 October 2011 Van earthquake, which was produced by the Van fault (VF) Emre et al., 2011; Akyüz et al., 2011; Gülen et al., 2012) .
Over the past two decades, there has been a dramatic increase in the number of publications about earthquake interaction through static Coulomb stress changes (e.g. King et al., 1994; Stein et al., 1997; Harris, 1998; Stein, 1999; Steacy et al., 2004 , Steacy et al., 2005a . Because static stress changes caused by an earlier earthquake can promote or delay subsequent earthquakes along nearby faults, earthquake stress changes can be utilised in the interpretation of future seismic hazards or earthquake probabilities (Stein et al., 1997; Nalbant et al., 2002; Utkucu et al., 2003; Parsons, Fig. 2 . Local tectonic features, epicentral distribution of large earthquakes (red and green stars) and available focal mechanisms (blackwhite beach balls) for the Lake Van area along with the bathymetry of Lake Van. Extent of faults are from Wong and Finckh (1978) , Koçyigit et al. (2011) and MTA (2012) , focal mechanisms are from McKenzie (1972) , Pınar (1995) , Pınar et al. (2007) , Utkucu (2013a) and USGS-NEIC and the bathymetry of Lake Van is from Wong and Degens (1978) . See Table 2 2004). Moreover, near-real time estimations of the stress changes following a mainshock might be used as an emergency response tool for mitigating hazards caused by the ensuing aftershocks (Steacy et al., 2004; Lasocki et al., 2009; McCloskey and Nalbant, 2009) . Therefore, simple Coulomb stress change calculations are of much importance for both our understanding of earthquake interactions and seismic hazard assessments.
The purpose of this study is to examine Coulomb static stress changes before and after the 23 October 2011 Van earthquake using all available data related to the seismicity and the source faults in the Lake Van area (Fig. 2, Table 1 ). We search for any clue from the 2011 Van earthquake and its largest aftershocks in the background stress changes and the stress changes caused by the mainshock alone.
Seismicity of the Lake Van area
Historical (Ambraseys and Finkel, 1995; Sinclair, 1999; Ambraseys, 2009; Albini et al., 2012) and instrumental period (Kalafat et al., 2007) seismicity studies and geological data recovered from the offshore and onshore lake sediments (Litt , 2009;Üner et al., 2010) indicate that the Lake Van area has been a seismically active region. Considering that the Lake Van area located in a region with complex tectonics and just north of a continental collision zone as indicated above, an active and damaging seismicity is not far-fetched. Table 2 tabulates the damaging earthquakes between the occurrence of notorious 7 April 1646 Van earthquake and 1860 and comprises all earthquakes with magnitude M ≥ 5.0 from 1860 to the occurrence of the 2011 Van earthquake. The epicentre distribution of earthquakes in Table 2 is shown in Fig. 2 with available source mechanisms. The 23 October 2011 Van earthquake (M W = 7.1) generated by a rupture along the Van Fault (Figs. 2 and 3) (Emre et al., 2011; Akyüz et al., 2011; AFAD, 2011; Gülen et al., 2012) . The earthquake caused heavy damage in Van city centre and in the town of Erciş as well as many villages between these settlements, leading to 604 deaths, 2608 injured and thousands of people left homeless (AFAD, 2011; Ç elebi et al., 2013; CEDIM, 2011; Erdik et al., 2012) . The large aftershock of the 9 November 2011 (M W = 5.7) resulted in additional damage, especially in the city centre of Van, and 40 more fatalities (Fig. 3) . In total, the mainshock and the strong aftershock caused 17 005 houses to be totally collapsed or damaged beyond repair, accounting for 1-2 billion USD economic loses (AFAD, 2011; Ç elebi et al., 2013; CEDIM, 2011; Erdik et al., 2012) .
The VF extends as two segments, lying roughly in the E-W direction for about 22 km, between Lake Van and the Erçek Lake (Figs. 2 and 3) (Emre et al., 2011; Akyüz et al., 2011; AFAD, 2011) . The earthquake produced no clear surface ruptures but some surface deformations along the western part of the fault trace for 10 km, from the coast of Lake Van and eastward with vertical displacements of the order Fig. 3 . Local tectonic features of the Lake Van area and the epicentre distribution of three day-long M < 4.6 aftershocks of the 23 October 2011 Van earthquake (black star) along with the M ≥ 4.6 aftershocks until April 2012. These aftershocks are represented with white circles excluding the M ≥ 4.6 aftershocks with known source mechanisms (red-white beach balls), which are indicated by red stars. The black-white beach ball and the rectangle represent the source mechanism and surface projection of the rupture plane, respectively, of the 2011 Van earthquake used in the stress calculations. Four aftershock clusters identified regarding the source mechanisms are encircled and named as eastern (EAC), western (WAC), southern (SAC) and northeastern (NEAC) aftershock clusters. The aftershocks are taken from Kandilli Observatory and Earthquake Research Institute and USGS-NEIC catalogues. The aftershock focal mechanisms are from the GCMT catalogue. See caption of Fig. 2 for the other source of information and abbreviations and the text for details. of 10 cm. The geometric patterns of these deformations and the other morphological features observed in the field indicate that the faulting was reverse (the northern fault block is hanging wall) and did not reach to surface (Emre et al., 2011) . Table 1 provides hypocentral and source parameters of the earthquake, estimated by different seismological organisations and institutes. The source mechanism solutions for the earthquakes suggest that the earthquake was due to reverse faulting. Teleseismic waveform inversions by Hayes (2011) and Utkucu (2013a) and geodetic inversion by Atzori et al. (2011) using InSAR data indicated that the major rupture propagated unilaterally to SW for about 30 km and updip from the hypocentre with peak slip in the range 4 to 7 m.
The earthquake was followed by a long-lasting and effective aftershock activity that comprises 51 M W ≥ 4.6 shocks until the end of April 2012, as reported by KOERI and USGS-NEIC (Table 3) . Epicentral distribution of the 72 h long M < 4.6 aftershocks along with all M w ≥ 4.6 aftershocks given in Table 3 is depicted in Fig. 3 . Also shown in Fig. 3 is the available source mechanism in the GCMT catalogue for the M W ≥ 4.6 aftershocks (see Table 3 for the source parameters). Without defining any magnitude threshold, the aftershocks available in KOERI catalogue until April 2012 are shown in Fig. 4 . The reason for the separate showing of the aftershocks in two maps is to effectively compare the stress perturbation caused by the 2011 Van earthquake with the spatial pattern of the aftershocks distribution. The aftershock activity not only has been dreadful for the local people but also inflicted additional damage, particularly exemplified by the 9 November 2011 (M W = 5.7) aftershock (Fig. 3) . As apparent from both epicentre location and the source mechanism solution of this aftershock, it occurred on a different fault.
From the aftershock distribution and the available source mechanisms shown in Figs. 3 and 4, the following spatial patterns could be interpreted. Four clusters are apparent for the M w ≥ 4.6 aftershocks regarding their relative location with the mainshock rupture and source mechanisms (Fig. 3) . The eastern and western clusters with thrust faulting mechanisms are interpreted along the VF beyond the mainshock rupture. The southern and north eastern clusters with strike-slip faulting mechanisms are defined along the other faults lying close to the VF, exemplifying off-fault aftershocks. Another pattern appears from Fig. 4 , which indicates that the dense aftershock epicentres cover much broader area toward NE, especially for the north of the VF.
If the damaging the 9 November 2011 (M W = 5.7) aftershock has been triggered by the mainshock stress changes or not and if the interpreted patterns of the aftershocks are connected with the pattern of the coseismic stress changes are the issues that are investigated in the present study for the ultimate purpose of earthquake hazard mitigation.
Coulomb stress changes analysis
Having compiled the available background seismicity in both historical and instrumental periods before the 2011 Van earthquake, it is now examined whether coseismic Coulomb failure stress changes related to the background seismicity might have triggered the 2011 Van earthquake and if Coulomb stress changes related to the mainshock itself could explain the occurrence of aftershocks and their pattern. The Coulomb failure stress changes due to the previous shock or shocks are resolved onto the fault plane of the interested earthquake by taking into account its strike, dip and rake angles in the stress calculations. Coulomb failure stress change ( σ f ) can be simply expressed as
where τ and σ n represent the changes in the shear and the normal stresses over the target fault plane, respectively, while µ is the apparent coefficient of the friction (Harris, 1998; Steacy et al., 2005a) , which includes the unknown effect of pore fluid pressure and has been postulated to vary in the range 0.2-0.8 (Stein, 1999) . The selection of value of µ has been pointed out to be not crucial in affecting the pattern of change in Coulomb failure stress (King et al., 1994; Steacy et al., 2004) . We have used µ = 0.4 in our stress calculations and base them on the coseismic elastic dislocation modelling of the earthquakes (Okada, 1992) by assuming earthquake ruptures as rectangular dislocation surfaces in an elastic half-space having Young's modulus of 8×10 5 bar and Poisson's ratio of 0.25. Coulomb 3.2 software is used to estimate Coulomb failure stress changes (Lin and Stein, 2004; Toda et al., 2005) . To explore stress changes before the 2011 Van earthquake, the 1646 Van earthquake has been selected as a time threshold in the past and we have used only M ≥ 6.0 earthquakes, with the exception of the 2000 Gevaş earthquake (M W = 5.6), in the Coulomb stress change modelling. The time threshold is chosen because there is a large gap for reporting of earthquakes in the historical sources before the 17th century (Albini et al., 2012) and the 1646 Van earthquake has Table 4 . Rupture parameters for the earthquakes selected for the Coulomb stress change modelling in the Lake Van area. S1 and S2 stand for first and second segment of the earthquake rupture under interest. See Fig. 2 been known for its widespread and relatively well-reported damage distribution (Ambraseys and Finkel, 1995; Sinclair, 1999; Ambraseys, 2009) . It should also be noted that there is another gap in the reporting between 1715 and 1860, as can be clearly seen from Table 2 . As there is no way for the destructive M ≥ 6.5 earthquakes to be neglected in the historical sources after the start of 18th century, this gap could be for the relatively smaller magnitude earthquakes, which have smaller rupture length and insignificant stress perturbations in the crust as compared to earthquakes with magnitude of the order of M = 7. So, 11 earthquakes, including the 1646 and 2011 earthquakes, are used in the modelling (Table 4) . The rupture parameters (strike, dip, rake and slip values of the faulting) for these earthquakes are summarised in Table 4 . The rupture parameters and source faults of the earthquakes after the 1903 Malazgirt earthquakes are defined from the published studies (Utkucu et al., 2002; Utkucu, 2013a) . As for the rupture parameters of the historical earthquakes, including the 1903 Malazgirt earthquake, the following methodology is used. We first assigned the most likely source faults for the historical earthquakes. The strike of the faulting is assigned from the trace of the source fault on the active fault map (Figs. 2 and 3 ). Dip and rake angle of the relevant earthquake is decided considering the type of the faulting. If the source fault is strike-slip faulting then the dip angle is vertical or nearly vertical in the range 80 • to90 • (we use 85 • for that sort of faulting) and the rake angle is between ±170 • and 180
• for right-lateral faults and between 0 • and ±10
• for left-lateral faults. If the faulting is reverse, then we assign dip and rake angles similar to the 2011 Van earthquake and the strike is measured from the active fault map. The rupture length and slip amplitude of the earthquake are defined regarding the magnitude of the relevant earthquake using the empirical relationships given by Wells and Coppersmith (1994) and assuming homogeneous fault slip. For example, the 1903 Malazgirt earthquake ruptured the two-segmented Malazgirt Fault (MF), the northern segment strikes 204 • and the southern segment strikes 251 • , as measured from the active fault map (Figs. 2 and 3) (MTA, 2012; . When the fault is left-lateral strike slip then its dip and rake angles are assigned as 85 • and 5 • , respectively. Regarding its large magnitude, the earthquake is considered to rupture the MF all along its length, which is measured 40 km from the active fault map (Figs. 2 and 3) . Then, assuming homogeneous slip, the slip amplitude is estimated as 1.5 m from the empirical relationships. The seismogenic thickness starts from the earth's surface and is assumed to be 20 km for all earthquakes.
Coulomb stress changes merely due to the 2011 Van earthquake have been calculated to compare the stress pattern of the mainshock with the occurrence of the aftershocks and their distribution pattern. The stress changes have been estimated over the optimally oriented strike-slip and reverse faults and individually over the selected faults as well. Note that stress change calculations over an optimally oriented fault require definition of the regional stress field by means of principal stress axes orientations. We use the regional stress field defined by Pınar et al. (2007) along with the regional stress field determined in the study, using both background seismicity, and the aftershocks with available source parameters (Tables 2 and 3) .
Results
The map view of the calculated stress patterns before the 2011 Van earthquake have been shown in Fig. 5 . The stress Table 4 for the list of earthquakes in the background seismicity and their rupture parameters and the caption of Fig. 2 for the active fault references. patterns in Fig. 5 have been imaged at a depth of 9 km, which is approximately equal to half the seismogenic thickness in the Lake Van area. Enhancement and reduction in the stresses are represented with red and blue colours, respectively. The selection of the source faults for the historical earthquakes (the 1903 Malazgirt and the earlier earthquakes) will be discussed below. The stress changes due to all of the earlier earthquakes, the earthquakes before the 1715 earthquake and the earthquakes following the 1715 earthquakes have been resolved onto the 2011 Van earthquake rupture plane (e.g. over the VF) and shown in Fig. 5a , b and c. Figure 5d illustrates the state of the stress changes following the occurrence of the 2011 Van earthquake and reflects the stress changes caused by the earlier earthquakes including the 2011 Van earthquake. The stress changes in Fig. 5d have been computed over the Gürpınar fault (GF) (e.g. the source fault of the 1646 Van earthquake). Figure 6 reflects the Coulomb stress changes merely due to the 2011 Van earthquake along with the epicentral distribution of the M W ≥ 4.6 aftershocks (Table 3 ). In Fig. 6a and b, the stress changes have been resolved onto the optimally oriented strike-slip and thrust faults using the regional stress field defined by Pınar et al. (2007) . In Fig. 6c-f , the stress changes have been estimated over the representative fault planes of the aftershock clusters located in the east, west, south and northeast of the mainshock rupture. The stress changes have been resolved onto the fault planes with strike of 266 • , dip of 45 • and rake of 90 • (e.g. eastern extend of the VF) for the eastern cluster (Fig. 6c) , onto the fault planes with strike of 285 • , dip of 41 • and rake of 90 • (e.g. western offshore extend of the VF) for the western cluster (Fig. 6d) , onto the fault planes with strike of 270 • , dip of 70 • and rake of 180 • (e.g. EF) for the southern cluster (Fig. 6e) and onto the fault planes with strike of 298 • , dip of 77 • and rake of −172 • (e.g. faults related NW-SE trending EFZ in the east of Lake Van) for the NE cluster (Fig. 6f) . Table 3 . See caption of Fig. 2 for the active fault references.
Discussion

Selection of the source faults
Macroseismic effects of the 1646 and 1715 Van earthquakes suggest that they occurred in the east-southeast of Lake Van with the 1646 Van earthquake having a possible source fault located more southward than the 1715 Van earthquake (Ambraseys, 2009; Sinclair, 1999) . Utkucu (2013a) argued that the 1715 Van earthquake was a predecessor of the 2011 earthquake because of that it had caused damage in town of Erciş, where no reporting of damage for the 1646 earthquake. Additionally, the 1646 Van earthquake caused damage in town of Gevaş and in the area south-southeast of that town, where no damage was reported after the 1715 and 2011 Van earthquakes. So, the Van and Gürpınar faults have been assigned as the source faults of the 1715 and 1646 Van earthquakes, respectively.
The damage area of the large 1670 Muş-Bitlis and 1705 Bitlis earthquakes covered W-SW of Lake Van (Ambraseys, 2009) . However, the former caused damage in town of Hizan in the south of Lake Van while the latter, in particular, yielded destruction in the west of Bitlis. Therefore, the srike-slip Bitlis fault has been considered as the likely source of the 1670 earthquake (Fig. 2) , while the Kavakbaşı Fault (see Fig. 1 for its location) has been assigned as the source of the 1705 Bitlis earthquake. The Kavakbaşı Fault zone remains outside of the study area. Therefore, the 1705 Bitlis earthquake has not been included in the stress changes calculations.
The similarity in their damage patterns suggests that the 1976 Ç aldıran earthquake was a recurrence of the 1696 Ç aldıran earthquake and both were produced by the Ç F. The 1881 and 1891 Adilcevaz earthquakes obviously affected the area between Nemrut and Süphan volcanoes (Clayton, 1881; Ambraseys, 2009) . As seen from Fig. 2 , the 1891 Adilcevaz earthquake was located near the MF. However, its destruction mainly occurred in the town of Adilcevaz, while relatively slight damage was reported for the town of Malazgirt (Ambraseys, 2009 ). The earthquake also caused a rise in the level of Jilgöl, a small lake a few kilometers NW of Adilcevaz. Therefore, it was proposed that the earthquake had taken place somewhere south of the MF (Albini et al., 2012) . The fact that lake Jilgöl is located near the NE extreme of the Ahlat fault and the 1881 earthquake effected south of Adilcevaz prompted us to assign Ahlat fault as the source of both the 1881 and 1891 earthquakes with the latter shock rupturing northeastern part of the fault.
As we discuss in this section, the source faults for the larger shock of the 1646 and 1715 Van and 1696 Ç aldıran earthquakes are more or less known (Utkucu, 2013a) . For smaller historical shocks in 1881 and 1891, they do not have much influence (with the exception of their local influence on the MF or occurrence of the 1903 Malazgirt earthquake) on the overall stress picture shown in Fig. 5 . It would be reasonable to think that the stress changes shown in Fig. 5 could vary with different assignments of the source faults for the historical earthquakes. Nevertheless, the overall stress picture would not change much by holding a different point of view for the selection of the source faults of the smaller shocks, especially for the area east of Lake Van that we focus on in the present study. Figure 5a indicates that the Van fault is partly stressed and partly under the stress shadow due to all of the earlier earthquake occurrences. Since we do not include stress load caused by the plate motions in the interseismic period it seems that the coseismic stress changes merely do not overwhelm the stress decrease caused by the 1715 Van earthquake over the Van fault (remember that the 1715 Van earthquake has been regarded as the predecessor of the 2011 Van earthquake). When the stress changes due to the earthquakes before and after the 1715 Van earthquake have been individually resolved onto the VF, we see that stress decrease prevails over the 1715 Van earthquake rupture plane due the earthquakes (the 1646 Van earthquake in particular) in the previous period (Fig. 5b) , while a slight stress increase has resulted due to the earthquakes in the latter period (Fig. 5c ). These suggest that in addition to the tectonic loading due to the plate motions, the 2011 Van earthquake's rupture plane has been stressed due to the coseismic stress changes caused by the earthquakes after the 1715 Van earthquake. A stress change calculation for the 1976 Ç aldıran earthquake alone (not shown here) has yielded that the stress increase over the 2011 Van earthquake in Fig. 5c was mainly caused by the 1976 Ç aldıran earthquake. Figure 5d reflects state of the stress following the 2011 Van earthquake. The stress changes estimated over the rupture planes are similar to the 1646 Van earthquake's rupture plane (e.g. the GF) using all earthquakes in Table 4 . Three large earthquakes with a magnitude of the order of 7 occurred in the eastern half of the study area during the historical period (the 1646 and 1715 Van earthquakes and 1696 Ç aldıran earthquake). Both the 1696 Ç aldıran and the 1715 Van earthquakes recurred. The 1976 Ç aldıran earthquake was a recurrence of the 1696 Ç aldıran earthquake while the 2011 Van earthquake was a repetition of the 1715 Van earthquake. So, the 1646 Van earthquake has not recurred. This is why the stress changes have been calculated over the GF, the source fault assigned for the 1646 Van earthquake. As is apparent from Fig. 5d , the GF is almost completely under the stress shadow of the earlier shocks. Since we do not include stresses due to the tectonic loading in our stress change computations, the state of stress without the 1646 Van earthquake has also been computed (not shown in Fig. 5) , which yielded almost similar results. A computation of stress changes using only the 2011 Van earthquake has resulted in that the GF was again exposed to a stress decrease. Therefore, it is reasonable to claim that the occurrence of the 2011 Van earthquake decreased likelihood of an earthquake along the GF or suppressed repetition of the 1646 Van earthquake.
Stress changes before and after the 2011 Van earthquake
The spatial pattern of the aftershocks versus the mainshock stress changes
We now examine if the interpreted spatial patterns of the aftershock distribution will have any relation with the estimated stress changes of the 2011 Van mainshock. Figure 6a depicts the Coulomb stress changes due to the 2011 Van earthquake over the optimally oriented strike-slip faults along with the epicentral distribution of the M W ≥ 4.6 aftershocks. It is clear that the stress changes following the mainshock explain the southern aftershock cluster with strikeslip faulting mechanisms but could not explain the northeastern aftershock clusters with the same faulting mechanisms (Fig. 3) . Interestingly, it partly explains the eastern and western aftershock clusters with thrust faulting. When the stress changes resolved onto the optimally oriented thrust faults as shown in Fig. 6b , it is seen that the clusters with thrust faulting mechanisms (e.g. eastern and western aftershock clusters) fall into the areas of stress increase while the strike-slip clusters fall into the areas of the stress decrease. As indicated above the stress changes shown in Fig. 6a and b have been estimated using the regional stress field defined by Pınar et al. (2007) , who obtained a stress regime with predominantly strike-slip faulting (azimuth and plunge pair for σ 1 , σ 2 and σ 3 are (335 • , 16 • ), (255 • , 32 • ) and (42 • , 53 • ), respectively). Using the available source mechanisms for the background seismicity ( Fig. 2) and for the aftershocks of the 2011 Van earthquake ( Fig. 3 ; Table 3 ), Utkucu et al. (2013b) Utkucu et al. (2013b) resulted in virtually the same stress changes shown in Fig. 6a -b, suggesting moderate variations of the regional stress regime do not result in much change in the stress calculations. Note that the stress changes over the optimally oriented faults shown in Fig. 6a-b explain the aftershock clusters with the exception of the northeastern aftershock cluster. We now explore whether the stress changes estimated over the representative fault planes of the aftershock clusters could explain the spatial pattern of the aftershocks, the northeastern aftershock cluster in particular. The stress changes over the VF beyond the rupture of 2011 Van earthquake indicate that the mainshock rupture bolstered stress over both the eastern (Fig. 6c) and western (Fig. 6d) continuation of the VF, providing proper conditions for the occurrence of the thrusting aftershocks in the eastern and western clusters. Figure 6e suggests that the mainshock rupture promoted the stress over the EF or over the E-W trending strike-slip faults. However, one of the aftershock with known strike-slip mechanism (number 43 in Table 3 and Fig. 3 ) fall into stress shadow. Note that this aftershock falls into the area of stress increase in Fig 6a, suggesting that it might have occurred on a strikeslip fault having different orientation than the EF. When the stress changes have been estimated over the planes parallel to the Ç F, NE-SW trending left-lateral fault lying along the NW coast of Lake Van, it is seen that the north eastern cluster falls into the stress shadow (not shown in Fig. 6 ). This fault also does not match any nodal plane of the available source mechanisms in the north eastern cluster. Therefore, the stress changes have been calculated over the planes running parallel to the right-lateral EFZ (Fig. 6f) . The EFZ runs offshore and emerge in the east of NE tip Lake Van (Koçyigit et al., 2011) . Orientation of the EFZ matches well the NW-SE trending nodal plane of the available source mechanisms in the north eastern cluster. Notice that this time the north eastern cluster falls into the area of stress increase (Fig. 6f) , suggesting that the mainshock may have triggered aftershocks along the EFZ.
Another observed spatial pattern mentioned above has been that the dense aftershock epicentres cover a much broader area toward NE due to a lobe of aftershock epicentres protruding outward while their southern limit goes roughly parallel regarding surface projection of the mainshock rupture plane (Fig. 4) . The stress change maps shown in Fig. 6 provide an answer for this observed pattern. Note that the major faults lying in the north-northeast of the 2011 Van earthquake rupture are strike-slip faults (the EFZ and Ç FZ) while the major faults lying in the south-southeast of the rupture are thrust faults (the GF, SBF and NBF) (Figs. 2 and 3) . Figure 6e and f, in which the stress changes are calculated for E-W and NW-SE trending right lateral strike-slip faults, require a lobe of stress increase in the NE, while the stress changes for thrusting faults (Fig. 6b, c and d) require a large lobe of stress shadow in the south-southeast. The strike-slip faults are secondary in significance in the south-southeast and have experienced partly stress decrease and increase (Fig. 6a , e and f). These results coincide with the results of the previous studies suggesting a relation between the orientation of the mapped structure and the aftershock seismicity following a mainshock (Steacy et al., 2005b; McCloskey and Nalbant, 2009 ).
Implication for the earthquake hazard mitigation
As indicated above the 1696 Ç aldıran and 1715 Van earthquakes most likely recurred as the 1976 Ç aldıran and 2011 Van earthquakes, respectively, suggesting an earthquake recurrence time of about 300 yr. Considering peak slip of about 4.5-5 m from the available slip models of both earthquakes (Utkucu et al., 2002; Hayes, 2011; Utkucu, 2013a) , a 300 yr recurrence time would yield a comparable slip rate suggested by GPS studies (McClusky et al., 2000; Reilinger et al., 2006) , which indicate a velocity of 12 mm yr −1 toward the north and 5.3 mm yr −1 toward the west with velocity vector having a direction almost perpendicular to the strike of the VF. Since the 1646 Van earthquake has not yet recurred, the GF with roughly same orientation as the VF has been accumulating elastic deformation or getting stressed for about 350 yr, meaning that it capable of producing an event even larger than the 2011 Van earthquake. Fortunately, the GF not only remained in the stress shadow of the 2011 Van earthquake but also of the 1715 Van earthquake. It is not farfetched that one of the reason behind the delaying of the occurrence of the 1646 Van earthquake might have been the stress shadow of both earthquakes along the Van fault, considering the published cases in the past (Toda and Stein, 2002) .
With an exception of the 1941 Erciş earthquake (M S = 6.0), we have no information for earthquakes rupturing the EFZ after 1646. The 1941 Erciş earthquake was not large enough to release tectonic deformation along the EFZ, Tables are OK.
Excluding Fig. 7 all of the figures OK. In Fig.7 label of the longitude 44.00⁰ somewhat skipped left. This is corrected as below. Table 3 and is indicated with a black star) due to the 2011 Van earthquake rupture. The stress calculations have been implemented over its north dipping nodal plane (strike = 256
The open circles denote the epicentres of the M ≥ 4.6 aftershocks listed in Table 3 . Notice occurrence of this far away aftershock in the stress enhancement area. See caption of Fig. 2 for the active fault references.
meaning the EFZ has not been ruptured at least for the last four centuries. Considering its similarity with Ç FZ, which produced 1976 Ç aldıran earthquake, both in orientation and faulting type, the EFZ might have the potential to generate a large shock, likelihood of which seems to increase due to the occurrence of the 2011 Van earthquake (Fig. 6f) . As interpreted from the stress change maps shown in Fig. 6 , there is a strong correspondence between the stress perturbations caused by the 2011 Van earthquake and the observed spatial pattern of the aftershock distribution. This advances the use of Coulomb stress change modelling as a tool for aftershock hazard mitigation, especially for the mainshocks with long and damaging aftershock activity like the 2011 Van earthquake. A preliminary stress analysis can simply be performed from the mainshock information available in near-real time in order to guess or interpret upcoming spatial patterns of aftershocks for earthquake hazard mitigation and emergency response purposes. This issue has been elaborately discussed recently in several studies in which a strong coincidence between Coulomb stress changes and the spatial distribution of aftershock has been reported in cases where the stress changes were based on the well-constrained rupture properties and good knowledge of local geological structure (Steacy et al., 2004; Steacy et al., 2005b; McCloskey and Nalbant, 2009) . Notice that there is a rare aftershock occurrence in the NW of Lake Van, including the 26 March 2012 aftershock (M W = 5.0; number 50 in Table 3 and Fig. 3 ) with thrusting mechanism near the town of Bulanık. A Coulomb stress change map calculated over its north dipping nodal plane (strike = 256 • , dip = 46 • , rake = 86 • ) due to the 2011 Van earthquake rupture has shown that this aftershock occurred in the area of stress enhancement (Fig. 7) , supporting the apparent correspondence between the mainshock stress changes and the spatial pattern of the aftershock seismicity even for stress changes down to the 0.1 bar. This further bolsters the idea of how the stress change maps would be useful for mitigating earthquake hazard to foresee the most likely locations of the upcoming aftershocks, if such calculations are carried out in near-real time.
Conclusions
We have studied Coulomb stress changes before and after the 23 October 2011 Van earthquake using available data related to the background and the aftershock seismicity and the likely source faults. The coseismic stress changes of the background seismicity had slightly promoted stress over the rupture plane of the 2011 Van earthquake while it yielded a stress shadow over the GF, which has been argued to produce the 7 April 1646 Van earthquake. It is also discussed that the repetition of the 1646 Van earthquake would be the most likely candidate to strike the Lake Van area in the future, regarding the available information from the historical seismicity. The calculated stress change maps have shown that the occurrence of the 2011 Van earthquake further decreased the stress over the GF meaning further delaying of the successor of the 1646 Van earthquake to strike.
Two possible spatial patterns of the aftershock distribution of the 2011 Van earthquake have been identified. The aftershocks define four clusters regarding their relative location to the mainshock rupture plane and source mechanisms and the area for their dense distribution gets broader toward the northeast. Any correlation between these observed spatial patterns of the aftershocks and the coseismic stress changes imposed by the 2011 Van earthquake alone is searched for by calculating Coulomb stress changes over the optimally oriented strike-slip and thrust faults and over the faults lying close to the mainshock rupture. It is shown that there is an apparent correlation between the stress changes and the observed spatial pattern of the aftershock occurrence supporting use of near-real time estimate of the stress changes as a tool for earthquake hazard mitigation.
